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TO KIDNEY SIZE IN COMPENSATORY RENAL NYPERTROPYtY
After one kidney is removed from a healthy animal or man, the remaining
kidney hypertrophies and adapts in function so as to approach the functional
capacity of both kidneys prior to nephrectomy. It is commonly agreed that
the increase in kidney size after contralateral nephrectomy is the result of
both hypertrophy and hyperplasia of the renal cells,"a which begin within
24 hours after operation. These processes are more marked in the proximal
convoluted tubule than in the other parts of the nephron.'5 Most published
studies of renal function, usually performed several weeks or more after
nephrectomy, indicate that glomerular filtration rate eventually reaches
70-85%o of the control values"l and the renal blood flow may equal and
even surpass that of both kidneys before nephrectomy.1"
While it is clear that compensatory hypertrophy is dependent in part on
the pituitary,`"l on an adequate blood supply',7 and intake of food`" and
water," and can be modified by endocrine influences,`~the nature of the
initiating stimulus remains unknown."
The aim of the present study was to delineate the sequential changes in
glomerular filtration and tubular reabsorption of sodium by the rat kidney
during the initial burst of renal growth following contralateral nephrectomy
and to evaluate the relationship between the increased reabsorptive load of
sodium and renal hypertrophy. The results indicate that the increase in
kidney mass precedes the rise in sodium reabsorption, both in onset and in
the time required for its completion. The data therefore do not support the
concept that increased reabsorptive work load per gram of kidney is the
primary cause of compensatory renal growth.
METHODS
Male albino Sprague-Dawley rats weighing 250-400 grams were anesthetized with
50 mg/kg. pentobarbital intraperitoneally and the left kidney removed through a flank
incision. At intervals from 24 hours to 3 weeks, glomerular filtration rate, urine vol-
ume, and plasma and urine sodium were measured as described below, and compared
to values obtained in intact control animals of the same age and weight. The kidneys
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were removed at the end of the experiments, blotted on filter paper after removal of
the capsule and perirenal fat and weighed (balance accuracy ± 5 mg.). All animals
were fed the standard Purina pellet diet (23% protein) and had free access to water.
For determination of clearances the animals were anesthetized with Inactin0 [5
ethyl-(l-methyl propyl) -2- thiobarbituric acid] 160 mg/kg. intraperitoneally and
placed on a heated board at 37°C. A tracheostomy was done and a polyethylene PE 50
catheter introduced in the bladder through a midline incision. Normal saline to replace
surgical losses, in an amount equal to 1-2% body weight, was infused over 20 minutes
through a PE 50 catheter in the jugular vein. At the end of the infusion a priming dose
of 50 yc tritiated inulin (inulin-methoxy-H') was given rapidly intravenously followed
by a sustaining infusion of 50 pc tritiated inulin in 1.2 ml. per hour delivered with a
Harvard constant infusion pump (model 975). After an equilibration period of 40-45
minutes, urine was collected under mineral oil, and the volume measured with glass
micropipettes. In each experiment four consecutive collection periods of thirty minutes
each were obtained. Blood from the cut end of the tail was collected in heparinized
capillary tubes at the beginning and the end of each collection period and the plasma
concentration of inulin and sodium calculated as the average of the two determinations.
Radioactive inulin was measured in a Packard Tri-Carb scintillation counter and
plasma and urine sodium determined with a flame photometer. All determinations were
carried out in duplicate, and the statistical significance between mean values was as-
sessed by Student's "t" test. P values less than 0.05 were considered significant.
RESULTS
The results are summarized in Table 1. A gradual increase in both kid-
ney weight and glomerular filtration rate characterized the compensatory
adaptation of the remaining kidney to the removal of the contralateral or-
gan. However, the rate of change of these two functions was dissimilar.
The increase in weight preceded the increase in filtration and was already
highly significant statistically 24 hours after the removal of the opposite
kidney, when the glomerular filtration rate was not different from that
calculated for one kidney in the intact animal (Fig. 1). In order to rule
out a possible influence on kidney weight of the intravenous infusion used
for the determination of glomerular filtration rate, a separate experiment
was performed in which the weight of the remaining right kidney of animals
uninephrectomized 24 hours previously was compared with the weight of
the right kidney of intact animals of the same body weight. The results were
essentially identical (1.14 ± 0.03 grams in the uninephrectomized compared
to 1.01 + 0.02 grams in control animals; p <0.01) to those obtained after
meastirement of GFR by intravenous infusion (1.19 + 0.04 and 1.02 +
0.02 grams; p <0.005). There was no further change in kidney weight at
three days, while an increase of 39%7, (+ 0.40 grams) and 33%1o (+ 0.44
grams) over the control weight was noted at 7 days and at 14-21 days after
nephrectomy.* It appears therefore that most of the compensatory increase
in kidney is completed by the end of the first week and a considerable frac-
tion of this takes place in the first day after uninephrectomy.
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FIG. 1. The relationship between glomerular filtration rate and kidney weight of the
remaining kidney following contralateral nephrectomy.
The rise in glomerular filtration rate in the remaining kidney followed
a different pattern. It was unchanged one day after nephrectomy, but in-
creased by 29% at three days, 61%o at one week and 76%o at two to three
weeks. The glomerular filtration rate ofthe remaining kidney averaged 65%o,
80%o, and 88%o of the control values for both kidneys at 3, 7, and 14-21
days, respectively. Thus the increase in filtration rate is more marked, ap-
pears later, and reaches its maximum later, than the increase in kidney
weight. The different rates at which the increases in size and glomerular
filtration proceed in the remaining kidney of the uninephrectomized rat
are reflected in the calculated GFR per gram of kidney which was lower
than the control value at 24 hours, unchanged at three days, and significantly
higher at one and two to three weeks after nephrectomy.
Urine volume and urinary sodium excretion were higher in the uni-
nephrectomized animals, probably as a result of the osmotic diuresis that
accompanies a reduction in the number of functioning nephrons. Urinary
* Since the weight of the kidney and the glomerular filtration rate at three weeks
following nephrectomy were not different from those measured at two weeks the values
wvere pooled for the purpose of calculation.
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excretion of sodium reached its peak three days after nephrectomy, but de-
creased thereafter. In neither group of animals did urinary output of sodium
exceed 0.4%o of the sodium filtered at the glomerulus. Tubular reabsorp-
tion of sodium therefore closely paralleled the rate of glomerular filtration.
DISCUSSION
In the present experiments an early and significant increase in renal mass
occurred 24 hours after the removal of the opposite kidney. This finding
is in agreement with those of Fajers' in the rabbit and of Rollason' and
Schaffenburg, et al.1 in the rat. The increase in kidney size is prompt and
can be detected in the rat immediately after recovery from the shock of
operation.2
The components of this early compensatory renal growth have been
extensively studied in many species, using the rate of protein and RNA
synthesis as an index of cell hypertrophy, and DNA synthesis or the count
of cells in mitosis as evidence of cell hyperplasia. These studies show that
the early growth of renal tissue after the removal of the contralateral organ
is a result of both cellular hypertrophy and hyperplasia and that the hyper-
trophy occurs earlier and is quantitatively the more important.'-8'- Evidence
of renal hypertrophy can be found as early as a few hours after nephrec-
tomy1" while cell division starts only after 18 hours and reaches its peak 48
hours after the operation.1-3'"1,18,21'a'M While determination of the wet weight
alone permits only a gross estimation of the over-all changes in renal mass,
the early growth of the kidney found in the present experiments is con-
sistent with the result obtained with more detailed techniques. The eventual
augmentation of the weight of the remaining kidney measured two to three
weeks after nephrectomy (between 35%o and 40%o) is also similar to that
observed after similar intervals by others in rats of this age."'
Unlike the prompt increase in kidney weight, glomerular filtration rate
in the present studies rose slowly and only became significantly higher than
control three days after contralateral uninephrectomy. Thereafter, the rise
in glomerular filtration outstripped the increase in the size of the kidney.
Two to three weeks after nephrectomy the GFR in the remaining kidney
averaged 88%o of the combined rate for both kidneys prior to operation. In
interpreting these results, it should be recalled that measurements of filtra-
tion rate under anesthesia may not accurately reflect the situation in un-
trammelled, unanesthetized animals. Nevertheless, the average inulin
clearance of control rats in these experiments was 138% of that obtained
by Kleinman, Radford, and Torelli in undisturbed unanesthetized rats,'
and 85%o of that found by Peters in unanesthetized animals.1'
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The compensatory increase in glomerular filtration has been studied many
times in man and experimental animals. Most measurements, however, have
been performed from a few weeks to many years following uninephrectomy
when the compensatory response of the remaining kidney was presumably
complete or was progressing at a slow pace. An increase of approximately
40%0 to 70%o in glomerular filtration rate above the control values for one
kidney has usually been observed, the remaining kidney therefore filtering
about 70% to 85% of the amount previously filtered by both intact kid-
neys."' On the other hand, the changes in glomerular filtration that occur
during the first hours or days after nephrectomy are poorly documented,
and there have been no studies relating these early changes in function to
concomitant changes in renal size. Braun-Menendez and Chiodi' measured
the GFR five days after nephrectomy in the rat, and found it equal to 68%
of the control value for the intact animal. Peters'0 reported a variable and
short-lived increase in GFR 42 hours after nephrectomy, but no permanent
increase until the second week after operation. Moustgaard9 noticed an
actual decrease in GFR in the remaining kidney of the dog 18 hours after
nephrectomy. No change in GFR is apparent two hours after nephrectomy
in the rabbit." In the only study in rats that has attempted to correlate the
increase in filtration rate with the increase in renal size, Platt, Roscoe, and
Smith' reported that the clearance of endogenous creatinine per gram of
kidney tissue was increased by about 50% two weeks after removal of one
kidney and two-thirds of the other.
Data on glomerular filtration rate in healthy human kidney donors before
and after nephrectomy reveal an ultimate compensatory rise in GFR in the
human kidney similar to that found in the experimental animal. Donadio,
et al. showed recently7 that 6 to 11 days after nephrectomy the GFR in the
remaining kidney of man averages 70%o of that in both kidneys prior to the
operation. Similar values were found by Krohn and associates in a larger
series of patients in whom renal function tests were performed 1 to 18 days
after uninephrectomy.' It is difficult, however, to estimate the early com-
pensatory response of the human kidney from this study because only one
patient was studied one, two, and three days after the operation; and the
glomerular filtration was determined by measuring the endogenous creati-
nine clearance, which, in man, may not always reflect glomerular filtration
rate precisely. In a recent study, published in abstract form," an early rise
in GFR was documented eight hours after uninephrectomy in man, but no
further increase in filtration rate occurred 7 and 30 days later.
The reasons for compensatory growth of the remaining kidney after re-
moval of renal tissue are not entirely clear. There is strong evidence that
changes in a humoral substance controlling renal hyperplasia are in-
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volved." The role of an increase in renal work, as implied in the phrase
"work hypertrophy" has not been clearly established.'7"'""' In the present
experiments, both an increase in kidney size and an increase in the filtration
and reabsorption of sodium could be observed in the remaining kidney of
the uninephrectomized rat. However, the sequential changes in these para-
meters followed different patterns. During the 24 hours immediately after
nephrectomy, at a time when there is increased mitotic activity' and ac-
celerated synthesis of new protein,' RNA,l'8 and DNA,1" the kidney
rapidly increased in size, while changes in filtration and tubular reabsorption
of sodium were insignificant. At a later time, glomerular filtration and
tubular sodium reabsorption continued to rise when there was no further
change in renal weight. The absence of both a quantitative and a temporal
correlation between the changes in reabsorptive sodium load and those in
kidney size, suggest that increase in the filtration and reabsorption of sodium
per unit mass of kidney tissue do not play a major role in stimulating the
early compensatory renal hypertrophy of unilateral nephrectomy.
By one to three weeks ofter nephrectomy, when glomerular filtration per
gram of kidney tissue has significantly increased, the reabsortive work of
the remaining kidney, both in absolute terms and per unit mass, is well
above normal. Micropuncture of surface nephrons of the rat at this time
indicates that glomerulotubular balance is preserved, with approximately
the same proportion of filtrate undergoing reabsorption in the proximal and
distal tubules as before uninephrectomy.'8 The increase in sodium reabsorp-
tion per gram of kidney is associated with widening and lengthening of the
proximal tubule and with a decrease in the half-time of reabsorption in the
distal tubule." It might be anticipated that the augmented reabsorptive work
during compensatory hypertrophy would be correlated with changes in key
enzymes concerned with the active transport of sodium, and it is therefore
of interest that after unilateral nephrectomy the sodium-potassium activated
adenosine triphosphatase of kidney microsomes increases in parallel with
the increase in sodium reabsorption per gram of remaining kidney tissue.'
SUMMARY
In order to correlate renal function with kidney size in compensatory
renal hypertrophy, glomerular filtration rate, sodium reabsorption, and
renal weight were measured in rats 1, 3, 7, and 14-21 days after uninephrec-
tomy. During the first 24 hours the remaining kidney increases in size
before there is any increase in glomerular filtration rate. After 3 days, the
rise in filtration rate outstrips the increase in weight, so that by 2-3 weeks
after nephrectomy, filtration and reabsorption of sodium per gram of kidney
are 27%o above normal. The data do not support the concept that an in-
228
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creased reabsorptive work load per gram of kidney tissue is the initial
stimulus for the early changes of compensatory renal hypertrophy.
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